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Abstract
We demonstrate that the efficiency droop phenomenon in multiple quantum well InGaN/GaN
light-emitting diodes (LEDs) may be connected to the current crowding effect. A numerical
model of internal quantum efficiency calculation is presented that takes into account
nonuniform lateral carrier injection in the active region. Based on this model, we examine the
effect of current crowding on the efficiency droop using comparison of simulated internal
quantum efficiency of InGaN LEDs with low and high uniformity of current spreading. The
results of simulations and measurements show that the devices with low uniformity of current
spreading exhibit higher efficiency droop and lower roll-off current value.
1. Introduction
InGaN/GaN multiple quantum well (MQW) light-emitting
diodes (LEDs) have attracted much attention because of
their applications in general illuminations, back lighting and
displays. The research in this field has led to great progress
in material quality, efficiency and lumen output of nitride-
based LEDs. Despite this, the external quantum efficiency
(EQE) of MQW InGaN/GaN LEDs reaches its peak at
low current density (typically <20 A cm−2) and gradually
decreases with further increase of current (the so-called
‘efficiency droop’ phenomenon). This nonthermal efficiency
roll-off is observed in ultraviolet, blue and green nitride-
based LEDs. Various explanations of physical mechanisms
leading to efficiency droop have been proposed in recent
years. Auger recombination [1, 2] and carrier delocalization
from In-rich regions [3, 4] are such mechanisms related to
the recombination in quantum wells. Poor hole transport
through the quantum barriers [5] and piezoelectric polarization
fields [6, 7] that cause electron overflow to the p-type region
are transport-based (leakage processes) explanations of the
efficiency droop. Inefficient carrier injection [8] and the
effect of electron blocking layer [9] also have been proposed
as the transport-based mechanisms. To date, however, the
origin of the droop is not fully understood and is still under
debate.
A major part of commercially available nitride-based
LEDs employ lateral carrier injection geometry and thus suffer
from the current crowding (CC) effect. This effect is due
to localization of the current flow routes in some regions
of a multilayer structure. It is well known in InGaN/GaN
LEDs grown on insulating sapphire substrates [10, 11] and
becomes an important problem for large-area high-power
devices. In this work, we investigated the effect of CC
on the efficiency droop in lateral InGaN/GaN LEDs. A
theoretical model is proposed that includes a 3D numerical
simulation of current density distributions in an LED die and
internal quantum efficiency (IQE) calculations by means of
recombination coefficient (ABC) equation. Contrary to the
previously reported calculations, this two-stage model allows
us to simulate the IQE versus current dependences with respect
to nonuniform lateral carrier injection in the active region. In
addition, we present experimental results on the EQE versus
current dependences in blue and green InGaN/GaN LEDs
with two different contact electrode geometries. The values of
efficiency droop of these LEDs are compared and analysed in
terms of the proposed model.
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2. Simulation and experiment
In order to theoretically investigate the effect of CC on the
efficiency of InGaN LEDs, we propose a two-stage model.
The first stage includes the calculation of current density
distributions in an LED die at different applied biases. For
the numerical 3D simulation of current spreading, we consider
the conventional bar-shaped contact geometry of InGaN LEDs
on a sapphire substrate (figure 1) with commonly accepted
material parameters and dimensions: n-GaN layer (dn =
3 μm, n = 5 × 1018 cm−3), active layer with nonlinear
p–n junction conductivity, p-GaN layer (dp = 0.1 μm,
p = 5 × 1017 cm−3), 1 × 1 mm2 area. The simulation
of the current flow was performed with the finite-element
simulation. It was assumed that the electric charges are
localized in the space-charge region of the p–n junction and
the other regions of the structure are neutral. Furthermore,
the diffusion component of the current in these regions may
be neglected. Therefore, the electric potential distribution
follows from the equation ∇(σ (x, y, z, Vactive) ∇ϕ) = 0.
The current density is connected to the potential via
J = −σ (x, y, z, Vactive) ∇ϕ (where σ (x, y, z, Vactive) is the
conductivity of the layers and Vactive is the voltage drop
across the active layer). The conductivity of the active
layer is represented by using the diode-like current–voltage
dependence J = Js (exp (eVactive/βkT ) − 1), where J is the
vertical current density locally controlled by the Vactive value,
Js is the saturation current density, β is the p–n junction
ideality factor, e is the elementary charge, k is Boltzmann’s
constant and T is the temperature. We suppose that β = 2
(recombination process in the space-charge region) and the
saturation current Js = 1.5 × 10−20 A cm−2. The mobilities of
electrons and holes are assumed to be μn = 600 cm2 V−1 s−1
and μp = 20 cm2 V−1 s−1, respectively. The contact resistance
and resistance of metal–GaN junction were not taken into
account. Such a simple model does not take into account
either tunnelling or carrier leakage processes. This allows us to
eliminate any transport-based mechanisms from the theoretical
analysis of efficiency roll-off behaviour at high currents.
As soon as the current density distributions are calculated,
the IQE as a function of the current can be computed (the
second stage). The IQE inside the MQW active region is
analysed by means of the ABC model. According to it, the
IQE can be expressed as follows:
η = Bn
2
An + Bn2 + Cn3
, (1)
where A, B and C are the Shockley–Read–Hall (SRH),
radiative and Auger coefficients, and n is the injected carrier
concentration.
Taking into account the CC-induced nonuniform lateral
carrier injection in the active region, it is apparent that the η
value becomes spatially dependent. Thus equation (1) may be
interpreted as the local IQE. In other words, the optical power
(dP) emitted by the elementary area (dS) of the active region
is locally controlled by the η value. As is commonly accepted,
the total IQE is defined as a ratio of total number of photons
emitted from the active region per second to the number of
electrons injected into LED per second [12]. The total number
Figure 1. Cross-section of the lateral LED structure used in
simulation and current density distributions in the active layer of
LEDs with different p-contact widths at I = 100 and 500 mA.
of emitted photons may be determined by surface integration
of the dP value over the whole active area:
P
hν
= 1
e
∫ ∫
η(x, y)J (x, y) dS. (2)
Using equation (2), the total IQE can be presented as
ηtot =
∫∫
η(x, y)J (x, y) dS∫∫
J (x, y) dS
. (3)
Under the steady-state condition, the relationship between
the current density and the injected carrier density is given by
J
edactive
= An + Bn2 + Cn3, (4)
where dactive is the active region thickness.
By using the function J(x, y) obtained at the first stage
of the modelling, one can numerically calculate the injected
carrier density distribution and function η(x, y) from equations
(4) and (1). Finally, the total IQE can be obtained by numerical
integration in equation (3).
The experimental studies are performed on commercially
available large-area (1 × 1 mm2) blue and green InGaN/GaN
MQW LEDs grown on a sapphire substrate using the metal
organic chemical vapour deposition. The room temperature
peak wavelengths of the LEDs at 10 mA were λ ∼
460 nm (blue) and λ ∼ 520 nm (green). Two different
electrode patterns of p-side up mesastructure are investigated:
conventional bar-shaped and interdigitated contact pattern
(figure 3). All LEDs had the same internal structure consisting
of an n-GaN layer, a MQW active region comprising five 2 nm
thick InGaN wells and 12-nm thick GaN barriers, an AlGaN
electron blocking layer and a p-GaN layer. The In content in
InGaN wells was approximately ∼0.15 and 0.3 for blue and
green LEDs, respectively.
The measurements of the light–current and the current–
voltage characteristics are performed in the pulsed mode, with
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Figure 2. Calculated IQE versus current dependences for blue
(1, 3, 4) and green (2, 5) LEDs with a different width of the
p-contact.
1% duty cycle and 500 Hz frequency, in order to eliminate the
self-heating effect. The spatial electroluminescence patterns
are monitored with the optical microscope connected to the
CCD camera.
3. Results and discussion
The specific features of current spreading in lateral InGaN
LEDs were analysed by considering two structures with
different widths of the p-contact: Lwide = 850 μm (that is equal
to the p-GaN layer width) and Lnarrow = 100 μm (figure 1).
In the LED with wide p-contact (Lwide), the current density
distribution remains practically uniform over the whole active
layer up to I = 100 mA. At higher currents, there is a gradual
increase of current density at the edge of the p-contact as
compared to the average current density. At I = 500 mA
(maximal current value used in simulation), the ratio of peak-
to-average current density is ∼80. Contrary to that, in the LED
with narrow p-contact (Lnarrow), an increase of the applied bias
is accompanied by essential localization of the current lines
under the p-contact, even at low driving currents. The peak-
to-average ratio of the current density reaches a value of 102
at I = 5 mA, while at I = 500 mA, it goes as high as 2 × 104.
The current density distributions obtained at different
applied biases were used to determine the IQE of both LEDs.
To this end, we made some assumptions. The thickness of the
active layer was assumed to be 10 nm, i.e. the total thickness
of five quantum wells. The SRH recombination coefficient
(A) directly depends on the substrate used and on the quality
of the growing process. For most industrial blue LEDs grown
on a sapphire substrate, SRH coefficients are in the range
6.0 × 107–2.0 × 108 s−1 [13]. In this study, we employ
the value 2.0 × 108 s−1. For the radiative recombination
coefficient (B) and Auger coefficient (C), we use the values
2.0 × 10−11 cm3 s−1 and 2.0 × 10−30 cm6 s−1 obtained
from the photoluminescence measurements [14]. Similar
values are also obtained from the differential carrier lifetime
measurements [15].
Figure 2 presents the calculated IQE as a function of
current for blue LEDs with a different width of the p-contact
(a)
(b)
Figure 3. (a) The spatial view of the light emitted by blue LEDs
with two different contact patterns. (b) Measured EQE versus
current dependences for blue and green LEDs with conventional
bar-shaped and interdigitated contact pattern. The dashed
(bar-shaped structure) and dotted (interdigitated structure) lines
represent the corresponding calculated dependences for blue LEDs.
(curves 3 and 4). Curve 1 represents the IQE of the same
LED but without taking into account the nonuniform current
density distributions (CC-free LED). This curve was calculated
directly from equations (1) and (4) where current density (J)
was considered to be spatially independent (one-dimensional
calculation). The CC-free LED shows no efficiency roll-
off even at high current. The efficiency versus current
dependence gradually flattens out at a current of 300 mA. This
result is consistent with the earlier reported one-dimensional
calculations [16, 17] and photoluminescence measurements
[5, 6] where it was suggested that Auger recombination alone
is not sufficient to explain the efficiency droop in InGaN
LEDs. However, the CC effect may be neglected in LEDs
with patterned contacts and virtually no resistance of cladding
layers. In real devices, this is not the case and thus the local
current (carrier) density in the vicinity of the contacts may
be much higher than the average current density used in the
calculation of the CC-free LEDs efficiency or injected carrier
density in photoluminescence measurements. For example,
in a LED with narrow p-contact at I = 100 mA (average
current density of ∼11 A cm−2), the peak current density
102 A cm−2 corresponds to the injected carrier concentration
of ∼1019 cm−3. At such a carrier concentration, the Auger
recombination rate becomes higher than SRH and radiative
recombination rates which results in a decrease of the total
IQE as current increases. In a LED with wide p-contact, the
current density is distributed more evenly and the total IQE
starts to drop at higher current (I > 200 mA).
Figure 3 shows the modification of the spatial distribution
of light emitted by the blue LEDs with two different
3
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electrode patterns. In the case of interdigitated geometry, the
electroluminescence is uniformly distributed over the whole
emitting region which indicates the uniform current spreading
in the active layer. Alternatively, in the case of conventional
bar-shaped geometry, the light spatial distribution becomes
remarkably nonuniform, even at a low injection level (I >
1 mA). The LED mostly emits light in the region close to the
p-contact, thus indicating strong current line localization near
the p-contact. The relative EQE versus current dependences
for the LED samples with bar-shaped and interdigitated
geometries are significantly different. In the case of bar-shaped
geometry, the EQE reaches its peak at Ipeak = 50 mA. When
interdigitated geometry is used, the efficiency roll-off current
increases up to Ipeak = 130 mA. Moreover, the degree of the
efficiency roll-off at high currents (defined as (EQE(Ipeak) −
EQE(Imax))/EQE(Ipeak)) is 53% and 36% for bar-shaped and
interdigitated LEDs respectively. Due to the fact that both
LEDs are fabricated from the same wafer and all transport and
recombination properties should be similar for both devices,
the lower EQE of the bar-shaped LED is related to the strong
CC in the active region. The data obtained are consistent with
the numerical calculations presented above. However, the
experimental values of efficiency droop are higher than those
predicted theoretically. To explain this discrepancy, some
issues should be considered. First, for typical MQW InGaN
LEDs, the recombination occurs mainly in the QW that lies
closer to the p-layers [18]. Moreover, the ‘effective’ thickness
of the QW is less than the real thickness due to internal
polarization fields which leads to spatial separation of electron
and hole wavefunctions. Therefore, the injected carrier
concentration in our calculations is underestimated. This leads
to lower Auger recombination rate and overestimated LEDs
efficiency as compared to experiment. Second, the total third-
order nonradiative coefficient (C) is found to be higher than
10−29 cm6 s−1 due to the contribution of carrier leakage out
of the active region [19]. Besides, this value may be affected
by the CC. The high internal electric field in the regions of
current line localization may lead to lateral nonuniformity of
the energy band diagram of the MQW structure and higher
value of the leakage current as compared to the value predicted
by one-dimensional calculations.
Next we consider the effect of CC on the efficiency
of InGaN LEDs with different peak wavelengths (different
In content in the QWs). It is known that the EQE roll-
off decreases as the peak wavelength increases. Carrier
delocalization from In-rich regions has been suggested to
account for this effect [3]. In [20], it was shown that the
wavelength-dependent efficiency droop is caused by several
mechanisms including recombination-based mechanisms as
well as transport-based mechanisms. We suggest that the
CC may also be responsible for the higher droop effect in
green-shifted LEDs. First, the CC is most pronounced in
the longer wavelength LEDs, making less uniform lateral
injection in these devices [21]. Second, when the In
content increases, the injected hole concentration may be
more nonuniform among the QWs due to higher quantum
barrier in green-shifted LEDs [20]. Third, the calculation of
the Auger recombination rate in InGaN alloys from the first
principles predicts increasing of Auger coefficient with the
In content in alloys [22]. The experimental investigations of
the Auger coefficient dependence on the In content varying in
wide range are less reported in the literature. Nevertheless,
reference [14], reported on the Auger coefficient from 1.4 ×
10−30 to 2.0 × 10−30 cm6 s−1 for the In content ranged from
9% (near-ultraviolet region) to 15% (blue region). Using
linear extrapolation of these data, we estimate the Auger
coefficient to be 3.4 × 10−30 cm6 s−1 for In content 30%
(green region). Figure 2 compares the calculated IQE versus
current dependences for conventional bar-shaped blue and
green LEDs. Similarly to the blue emitting devices, the
CC-free green LED also shows negligible efficiency droop
(curve 2). In contrast, the efficiency of the green device with
nonuniform lateral injection (curve 5) reaches a peak value
at lower current and demonstrates stronger droop as current
increases, in comparison with the blue LED.
4. Conclusions
We have investigated the CC effect on the efficiency droop
phenomenon in InGaN/GaN MQW LEDs on a sapphire
substrate. We show that the efficiency droop is not
uniquely determined by carrier recombination and transport
mechanisms in the quantum well/barrier structure but also
depends on the device design. The results of the experimental
testing of lateral LEDs with different contact patterns indicate
that the CC makes the efficiency droop to increase and
roll-off current value to decrease. Simulations reveal that
enhancement of the efficiency droop in LEDs with nonuniform
current spreading originates from the CC-affected increase of
Auger recombination. Besides, the experimental data together
with simulations suggest that the CC may be responsible
for a higher droop effect in longer wavelength LEDs. In
our opinion, the ways to minimize the effect of CC and
Auger recombination on the efficiency of visible InGaN/GaN
LEDs are the reduction of injected carrier concentration in
the active region (double heterostructure) and improvement of
current spreading (vertical injection geometry). However, the
improvement process is limited due to (1) a trade-off between
the CC effect and the light extraction efficiency and (2) a trade-
off between achieving high EQE and low efficiency droop.
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